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Abstract 
Dielectrophoresis (DEP) has been widely used to manipulate nanoparticles in microfluidic 
applications. However, determination of the DEP force of nanoparticles by theoretical 
models is not easy due to complications caused by the polarization of electrical double 
layer (EDL). Additionally, there is a lack of suitable experimental techniques to quantify 
the DEP force of nanoparticles. This paper reports a statistical mechanics-based 
experimental method to determine the DEP potential energy of a single particle by 
measuring the equilibrium number density of particles in a DEP force field. Results show 
that at high frequencies, the measured potentials agree with the Maxwell-Wagner-
O’Konski (MWO) theory. At frequencies lower than the crossover frequency (𝜔𝑐𝑜), the 
measured potential values are larger than MWO theory’s predictions. When an effective 
particle radius (particle radius plus Debye length) is used to replace the particle radius, 
MWO theory fits better with the measured potentials on both sides of 𝜔𝑐𝑜 . Also, the 
measured 𝜔𝑐𝑜  was found inversely proportional to the effective particle radius, which 
agrees with MWO theory. The new DEP potential spectroscopy is not limited to the size 
or shape of particles, opening doors to investigate the DEP response functions of quantum 
dots and proteins in an AC electric field. 
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1 Introduction 
Dielectrophoresis (DEP) is a phenomenon referring to the field-induced drift of polarizable 
particles in a non-uniform electric field1. The force can be applied on colloidal particles 
whether they are charged or not. Not only does the force depend on the size and shape of 
particles, it is also determined by the electrical properties of both the medium and the 
particles which are functions of the frequency of the alternating current (AC) electric field1–
3. Hence, tuning the frequency of the electric field can manipulate particles with high 
selectivity. First reported by Pohl in the 1950s4 and recently enabled by advanced 
fabrication of microelectrodes, DEP has become a common technique for particle 
manipulations for microfluidic applications2,5–10. The frequency-dependent DEP force for 
a spherical particle is expressed as11: 
 
?⃑?𝐷𝐸𝑃 = 2𝜋𝑎
3𝜀𝑚Re[𝑓(𝜔)]∇⃑⃑ (|?⃑?|
2
)                  (1) 
 
where 𝜀𝑚  is the medium permittivity, 𝑎  is the particle radius, |?⃑?|  (denoted as 𝐸 
henceforth) is the root mean square of the strength of the AC electric field, Re[𝑓(𝜔)] is the 
real part of the frequency-dependent dipole coefficient, and 𝜔 is the angular frequency of 
the electric field. Since ?⃑?𝐷𝐸𝑃 ∝ ∇⃑⃑(𝐸
2), the DEP force directs particles toward the maxima 
or minima of 𝐸2, depending on the sign of Re[𝑓(𝜔)]. According to the Maxwell-Wagner-
O’Konski (MWO) theory, the dipole coefficient 𝑓 is the Clausius-Mossotti factor (𝑓𝐶𝑀)
1: 
 
𝑓 = 𝑓𝐶𝑀 = (𝜀𝑝
∗ − 𝜀𝑚
∗ ) (𝜀𝑝
∗ + 2𝜀𝑚
∗ )⁄             (2) 
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where 𝜀𝑝,𝑚
∗  are complex permittivity of the particles and the medium, respectively, given 
as 𝜀𝑝,𝑚
∗ = 𝜀𝑝,𝑚 − 𝑖 ∙ 𝜎𝑝,𝑚 𝜔⁄ , in which 𝜀𝑝,𝑚 and 𝜎𝑝,𝑚 are permittivity and conductivity of 
particles and medium, respectively. For dielectric latex particles with negligible intrinsic 
conductivity, 𝜎𝑝  can be expressed as 𝜎𝑝 = 2𝐾𝑠 𝑎⁄ , where 𝐾𝑠  is the particle surface 
conductance that is contributed by the ions in the particle’s electrical double layer 
(EDL)12,13. In aqueous suspensions of latex particles, Re[𝑓(𝜔)] is often positive at low 
frequencies, giving rise to a positive DEP (pDEP) where particles move toward the high 
field strength region. With an increasing frequency, Re[𝑓(𝜔)] decreases from positive to 
negative. At a negative Re[𝑓(𝜔)], which is a negative DEP (nDEP), particles move toward 
the low field strength region. The 𝜔  at which Re[𝑓(𝜔)] = 0  is called the crossover 
frequency (𝜔𝑐𝑜)
14,15. At high frequencies (𝜔 ≫ 𝜔𝑐𝑜) where 𝜎𝑝,𝑚 𝜔⁄ ≪ 𝜀𝑝,𝑚, free ions in 
both medium and EDL do not respond to the AC field, so that the dipole coefficient is only 
dependent on the permittivities of particles and medium, rendering Re[𝑓(𝜔)] =
Re[𝑓𝑚𝑖𝑛] = (𝜀𝑝 − 𝜀𝑚) (𝜀𝑝 + 2𝜀𝑚)⁄ . 𝜔𝑐𝑜 , which represents the dielectric relaxation of 
EDL, is close to the characteristic relaxation frequency (𝜔𝐷𝐿) within half a decade
16,17. 
Therefore, we deem 𝜔𝑐𝑜 the same as 𝜔𝐷𝐿 in following discussions. The MWO theory
12, 
regarding EDL as an extremely thin conductive shell around a particle, predicts 𝜔𝑐𝑜 ∝ 𝑎
−1. 
Extending the MWO theory, Schwarz18 considered ion diffusion in EDL to predict 𝜔𝑐𝑜 ∝
𝑎−2. Shilov et al.19, who assumed a quasi-equilibrium between EDL and the surrounding 
medium, also predicted 𝜔𝑐𝑜 ∝ 𝑎
−2. The MWO theory correctly predicts high-frequency 
dispersions while Schwarz and Shilov’s models explain low-frequency dispersions, with 
the assumption that the EDL thickness is negligibly small compared to 𝑎. When EDL is 
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thicker (Debye length 𝜆𝐷 is not negligible comparable to 𝑎), as is often encountered by the 
situation of colloidal nanoparticles, the effect of EDL on 𝑓 becomes more complicated. 
Basuray and Chang13 modeled the polarization of a thick EDL, taking into account the 
normal ion migration within the diffuse layer and the ion adsorption onto the Stern layer. 
They predicted larger DEP forces than those predicted by the MWO theory at low 
frequencies where EDL polarization is significant. They also predicted 𝜔𝑐𝑜 ∝ (𝑎𝜆𝐷)
−1. 
Zhao and Bau11, who considered both the ion transport in EDL and the particle’s 
electrophoretic motion induced by the electric field, also obtained larger DEP forces than 
MWO theory’s predictions at low frequencies. But they predicted 𝜔𝑐𝑜 ∝ 𝜆𝐷
−1
 for 𝜆𝐷 ≫ 𝑎. 
 However, existing experiments have so far not been able to resolve the differences 
of the predictions by those theories discussed above. The main reason is that the DEP forces 
of nanoparticles are so small (because of 𝐹𝐷𝐸𝑃 ∝ 𝑎
3)20 that existing methods can hardly 
detect them. The optical tweezer-based DEP force spectroscopy17,21,22, useful for 
measuring micron-sized particles, is not so suitable for measuring nanoparticles because it 
is difficult to ensure only one nanoparticle in the optical trap. The particle-image-
velocimetry-based method, developed by Honegger et al.23, is only limited to particle 
diameters greater than 200 nm due to the resolution limitation of the optical microscope. 
Using video-microscopy, Green and Morgan14 recorded the DEP response of particles 
under a microscope and obtained 𝜔𝑐𝑜  of particles ranging from 93 nm to 557 nm in 
diameter, but their approach lacks accuracy23. In order to experimentally quantify the DEP 
force of nanoparticles, we develop a new method to measure the DEP potential energy 
spectrum for nanoparticles. Based on the theory that the concentration of particles in a DEP 
field follows a Boltzmann distribution of their DEP potential energy, this method uses a 
 5 
confocal laser scanning microscope (CLSM) to measure the time-averaged number-density 
distribution of particles under a DEP force field. With this method, we are able to measure 
the DEP potential energy as a function of frequency. From the measured results, we 
determined both Re[𝑓(𝜔)] and 𝜔𝑐𝑜  of particles with diameters from 63 nm to 410 nm, 
which will be compared with the existing DEP theories. 
 Below, we organize the article as follows. Section 2, principle of measurement; 
Section 3, sample preparations and experimental procedures; Section 4, data analysis to 
extract Re[𝑓(𝜔)] and 𝜔𝑐𝑜; Section 5, discussion of results and comparison with existing 
DEP theories; Section 6, conclusions. 
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2 Principle of Measurement 
According to Eq. (1), the DEP force can be written as the gradient of a scalar function 
(?⃑?𝐷𝐸𝑃 = −∇⃑⃑(−2𝜋𝑎
3𝜀𝑚Re[𝑓(𝜔)]𝐸
2)) and a DEP potential energy (𝑈𝐷𝐸𝑃) can be defined 
as24: 
 
𝑈𝐷𝐸𝑃 = −2𝜋𝑎
3𝜀𝑚Re[𝑓(𝜔)]𝐸
2             (3) 
 
In such a potential field, the concentration distribution of a dilute suspension of colloidal 
particles with negligible interactions between them follows the Boltzmann distribution of 
the potential energy25. Thus, at a specific location, the equilibrium particle number 
densities before (𝑛0) and after (𝑛1) turning on the DEP field should follow: 
 
𝑈𝐷𝐸𝑃
𝑘𝐵𝑇
= − ln (
𝑛1
𝑛0
)             (4) 
 
where 𝑘𝐵 is the Boltzmann constant and 𝑇 is the absolute temperature. In experiments, we 
set the frequency to no less than 0.5 MHz so that convection caused by electro-osmosis 
and electrothermal effects can be ignored26,27. We use CLSM to measure the time-averaged 
𝑛0  and 𝑛1  of fluorescently labeled nanoparticles in thermodynamic equilibrium. By 
combining Eq. (3) and Eq. (4), Re[𝑓(𝜔)] is given as: 
 
Re[𝑓(𝜔)] =
𝑘𝐵𝑇 ln(𝑛1(𝜔) 𝑛0⁄ )
2𝜋𝑎3𝜀𝑚𝐸2
                 (5) 
 
 7 
 In order to measure Re[𝑓(𝜔)], it is necessary to determine 𝐸2 beforehand. Rather 
than simulate the electric field which could cause inaccuracy28, we determine 𝐸2  by 
measuring 𝑈𝐷𝐸𝑃  at high frequencies where 𝜎𝑝,𝑚 𝜔⁄ ≪ 𝜀𝑝,𝑚 and Re[𝑓(𝜔)] = Re[𝑓𝑚𝑖𝑛] =
(𝜀𝑝 − 𝜀𝑚) (𝜀𝑝 + 2𝜀𝑚)⁄  according to the MWO theory (30 MHz used in our experiments). 
Using the known 𝜀𝑝,𝑚, 𝑎, and the measured 𝑛0 and 𝑛1 at such a high frequency, we can 
determine 𝐸2 by Eq. (5). Next, we measure 𝑛1 as a function of 𝜔. With the known 𝜀𝑚, 𝑎, 
𝑛0, determined 𝐸
2  and the measured 𝑛1(𝜔) substituted into Eq. (5), we can determine 
Re[𝑓(𝜔)]. We can also determine 𝜔𝑐𝑜 by locating the frequency at which Re[𝑓(𝜔)] = 0. 
  
 8 
3 Materials and Methods 
3.1 Latex particles 
Fluorescently labeled polystyrene (PS) latex particles (1.0 wt% solid content) with four 
different particle diameters (63 nm, 160 nm, 200 nm, and 410 nm) were purchased from 
Thermo Scientific (USA). Particle sizes were checked by dynamic light scattering 
(ALV/CGS-3 Goniometer System, ALV GmbH, Germany), which show polydispersity 
index < 0.05, consistent with that claimed in the company document that the size 
uniformity was better than 5%. Such polydispersity can cause an approximately 16% 
variation in DEP potential. In calculating Re[𝑓(𝜔)] from measured 𝑛0 and 𝑛1 by Eq. (5), 
which are shown in Fig. 4, we ignored the particle size distribution. Otherwise the error 
bars need to include another 16% uncertainty. 
 Each latex was diluted 10 times either with de-ionized (DI) water (18.3 MΩ·cm) or 
with potassium chloride (KCl) aqueous solutions to produce samples with 0.10 wt% solid 
content. Table 1 lists all samples with their basic physical properties, including 𝑎, 𝜎𝑚, 
equivalent KCl concentration (converted from 𝜎𝑚 assuming the presence of only KCl ions 
in the medium), Debye length (𝜆𝐷), 𝑎 𝜆𝐷⁄ , and ζ-potential. The top four samples in Table 
1 are latexes diluted by DI water; the bottom two are 200 nm particles diluted by 1.0 mM 
and 1.5 mM KCl solutions, respectively. For a particle volume fraction of 0.1% (at most 
0.2% when particles were concentrated under pDEP in our experiments), the average 
distance between particles is estimated to be about 10× the particle diameter and 100× the 
Debye length, and therefore the particle interactions can be ignored. 
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Table 1. Particle diameters, particle radii (𝑎), medium conductivities (𝜎𝑚), equivalent 
KCl concentrations, Debye lengths (𝜆𝐷), ratios of 𝑎 to 𝜆𝐷, and ζ-potentials of diluted 
latex samples (0.10 wt% solid content). 
 
Diameter 
(nm) 
𝑎 
(nm) 
𝜎𝑚
a 
(mS/m) 
Equivalent KCl 
concentrationb 
(mM) 
𝜆𝐷
c 
(nm) 
𝑎 𝜆𝐷⁄   
(nm/nm) 
ζ-potentiald 
(mV) 
63 31.5 7.90 0.54 13.1 2.40 -49.8 
160 80 4.98 0.34 16.6 4.82 -53.0 
200 100 4.27 0.29 17.9 5.58 -58.2 
410 205 7.86 0.53 13.2 15.6 -62.4 
200 100 18.2 1.24 8.63 11.6 -59.5 
200 100 24.7 1.69 7.39 13.5 -58.8 
a, d) 𝜎𝑚 and ζ-potential were measured by Zetasizer (Nano ZS, Malvern, UK) at 25 °C. 
b) Equivalent KCl concentration is converted from 𝜎𝑚, using the Debye-Hückel-Onsager 
equation with the KCl molar conductivity at infinite dilution (149.79 m2 ∙ S mol⁄ )30. 
c) 𝜆𝐷 = √(𝜀𝑚𝑘𝐵𝑇) (2𝑁𝐴𝑒2𝐼)⁄  where 𝑇  is 298 K, 𝑁𝐴  is Avogadro’s number, 𝑒  is the 
elementary charge and 𝐼 is the ionic strength31. Here, 𝐼 is approximated as the equivalent 
KCl concentration. 
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3.2 Electrodes and 𝑬𝟐 simulation 
The coplanar parallel electrodes (Fig. 1A), used for producing a non-uniform AC electric 
field, are 0.2 μm-thick gold-over-chromium films deposited on a 22 mm×60 mm 
microscope cover glass (Fisher Scientific, USA). The distance between the parallel 
electrode edges is 27 μm. In experiments, a 15 μL volume of sample was dropped on the 
electrodes and then covered by a 22 mm-in-diameter circular cover glass (Fisher Scientific, 
USA) which was supported by a 0.8 mm-thick spacer of ring-shaped Parafilm (Sigma-
Aldrich, USA) and was sealed by water to inhibit water evaporation. A function generator 
(DS345, Stanford Research System, Inc., USA) was connected to the electrodes to provide 
an AC electric field with a set peak-to-peak voltage (𝑉𝑝𝑝) and a set frequency (𝜔 2𝜋⁄ ). The 
simulated 𝐸2 profile on the x-z plane of Fig. 1A at 𝑉𝑝𝑝 = 1 V was conducted by COMSOL 
5.0 under the electrostatic condition and shown in Fig. 1B. The 𝐸2 distribution along the 
CLSM scanning area (double-headed arrow of Fig. 1B) was extracted and shown in Fig. 
1D. We will compare the simulated 𝐸2 profile with the measured DEP potential energy 
profile in Fig. 1D. 
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Figure 1. (A) Schematic illustration of the parallel electrodes with a separation of 27 μm. 
The slicing area (27 μm×3.5 μm) at 5 μm above the substrate in the middle of the electrodes 
is where the fluorescence scanning image was acquired. (B) The computer simulation of 
𝐸2  at 𝑉𝑝𝑝 = 1 V  on the x-z plane of Fig. 1A. The double-headed arrow denotes the 
scanning area. (C) The equilibrium profile of 𝑛1 𝑛0⁄  (ratio of the fluorescence intensity of 
𝑛1 over that of 𝑛0) of the 63 nm particles with 𝜎𝑚 = 7.90 mS/m along the scanning area, 
with 𝑉𝑝𝑝 = 10 V  and 𝜔 2𝜋⁄ = 30 MHz . The inset figure is the profiles of relative 
fluorescence intensity (ratio of the measured fluorescence intensity over the detector limit) 
of 𝑛1 and 𝑛0. Note: in fact, 𝑛0 was uniform along the x-axis and 𝑛1 conformed to the shape 
of 𝐸2 profile; the reason that the fluorescence intensity was distorted near the electrode 
edges was because parts of the incoming laser and outgoing emission light were blocked 
by the electrode. (D) The measured 𝑈𝐷𝐸𝑃 profile (circles) obtained by taking minus the 
logarithm of 𝑛1 𝑛0⁄  in Fig. 1C, and the computer-simulated 𝐸
2  profile at 𝑉𝑝𝑝 = 1 V 
extracted from the scanning area in Fig. 1B.  
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3.3 𝑼𝑫𝑬𝑷  measurement 
The CLSM (IX81, Olympus, Japan) equipped with the 100× objective lens (NA = 1.3, 
UPlanFLN, UIS2, Olympus, Japan) was used to scan the area of 27 μm×3.5 μm (124 
pixel×16 pixel) which is in the middle of the parallel electrodes and 5 μm above the 
substrate (Fig. 1A). A 488 nm laser was used as the excitation light. The photo detector 
received the fluorescence light in the wavelength range between 500 and 600 nm. After the 
distribution of particles was in equilibrium at 25 °C, more than 200 scanning images were 
taken and superimposed to get the time-averaged profile of the fluorescence intensity (with 
the water-background intensity subtracted) along the scanning area (double-headed arrow 
in Fig. 1B). In our studies, care was take to ensure there were no convective flows due to 
heating or AC electro-osmosis. To determine 𝑈𝐷𝐸𝑃 , we measured the profiles of 
fluorescence intensity both before and after an AC field was turned on, both at 5 μm above 
the glass substrate (shown in Fig. 1A). Since the fluorescence intensity is proportional to 
the particle number density (confirmed by measuring fluorescence intensity as a function 
of known particle number density), the ratio of such two fluorescence profiles gives the 
profiles of 𝑛1 𝑛0⁄  (shown in Fig. 1C) and 𝑈𝐷𝐸𝑃 (= −𝑘𝐵𝑇 ln(𝑛1 𝑛0⁄ )) (shown in Fig. 1D). 
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4 Data Analysis and Results 
4.1 An example of 𝑼𝑫𝑬𝑷 measurement 
As indicated by Eq. (4), determination of 𝑈𝐷𝐸𝑃 needs the input of 𝑛1 𝑛0⁄  – the ratio of the 
equilibrium particle number density with the AC field to that without the AC field. The 
measurement of 63 nm PS particles at 𝑉𝑝𝑝 = 10 V and 𝜔 2𝜋⁄ = 30 MHz is shown in Fig. 
1C, in which the 𝑛1 𝑛0⁄  profile was derived from the ratio of the fluorescence intensity of 
𝑛1 over that of 𝑛0. Since 𝑛1 < 𝑛0, the particles experienced a nDEP force at this frequency. 
By taking the negative of the logarithm of 𝑛1 𝑛0⁄  by Eq. (4), the measured 𝑈𝐷𝐸𝑃 profile is 
given in Fig. 1D. The similar shapes of the 𝑈𝐷𝐸𝑃 profile and the simulated 𝐸
2 profile (Fig. 
1D) indicate the validity of Eq. (3). In the following data analysis, instead of profiling the 
whole 𝑈𝐷𝐸𝑃 distribution, we use only the midpoint 𝑈𝐷𝐸𝑃 (𝑈𝐷𝐸𝑃(𝑥 = 0)) at 5 μm above the 
glass substrate to determine the dependence of 𝑈𝐷𝐸𝑃 on voltage, frequency and particle 
size, as well as to determine Re[𝑓(𝜔)]. 
 
4.2 Determination of 𝑬𝟐 by measuring 𝑼𝑫𝑬𝑷 at a high frequency 
We determine 𝐸2 by measuring 𝑈𝐷𝐸𝑃 at a high frequency where Re[𝑓(𝜔)] = Re[𝑓𝑚𝑖𝑛] =
(𝜀𝑝 − 𝜀𝑚) (𝜀𝑝 + 2𝜀𝑚)⁄ . In our samples, 𝜀𝑝 = 2.55𝜀0 for PS and 𝜀𝑚 = 78.5𝜀0 for water
23, 
thus Re[𝑓𝑚𝑖𝑛] = −0.476. Because when 𝜔 2𝜋⁄ ≥ 25 MHz the measured nDEP potentials 
of all samples barely change (indicated in Fig. 4A), we regard 25 MHz as a high frequency 
where Re[𝑓(𝜔)] = Re[𝑓𝑚𝑖𝑛] and we measured 𝑈𝐷𝐸𝑃 of different particles at various 𝑉𝑝𝑝 at 
25 MHz. 
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 In Fig. 2A, in agreement with Eq. (3), the power-law dependences of the measured 
𝑈𝐷𝐸𝑃  on 𝑉𝑝𝑝  are close to 𝑈𝐷𝐸𝑃 ∝ 𝑉𝑝𝑝
2 . We then took proportional linear fittings of 𝑈𝐷𝐸𝑃 
versus 𝑉𝑝𝑝
2 , which gave the fitting slopes as 𝑈𝐷𝐸𝑃  (i.e. averaged 𝑈𝐷𝐸𝑃  at 𝑉𝑝𝑝 = 1 V) for 
different particle sizes. In Fig. 2B, 𝑈𝐷𝐸𝑃 was plotted against 𝑎. Also, in agreement with Eq. 
(3), 𝑈𝐷𝐸𝑃 ∝ 𝑎
3. We again took a proportional linear fitting of 𝑈𝐷𝐸𝑃 versus 𝑎
3, which gave 
the slope as 𝑈𝐷𝐸𝑃  𝑎
3⁄ = (1.15 ± 0.02) × 10−7𝑘𝐵𝑇 × (1 nm⁄ )
3 . With this measured 
𝑈𝐷𝐸𝑃  𝑎
3⁄ , the known 𝜀𝑚 (78.5𝜀0) and Re[𝑓𝑚𝑖𝑛] (-0.476) substituted into Eq. (3), we can 
determine the measured 𝐸2  at 𝑉𝑝𝑝 = 1 V as (2.28 ± 0.04) × 10
8  V2 m2⁄ . As expected, 
this value is close to the simulated 𝐸2 = 2.46 × 108  V2 m2⁄  at 𝑥 = 0 μm. 
 
 
Figure 2. (A) 𝑈𝐷𝐸𝑃 as a function of 𝑉𝑝𝑝 on a log-log scale, measured at 25 MHz. The linear 
fitting slopes of ln(𝑈𝐷𝐸𝑃) vs. ln(𝑉𝑝𝑝) are 2.150.36 for the 63 nm particles with 𝜎𝑚 =
7.90 mS/m, 1.820.27 for the 160 nm particles with 𝜎𝑚 = 4.98 mS/m, 1.890.42 for the 
200 nm particles with 𝜎𝑚 = 4.27 mS/m, and 1.950.37 for the 410 nm particles with 
𝜎𝑚 = 7.86 mS/m, respectively. (B) 𝑈𝐷𝐸𝑃 (i.e. proportional linear fitting slope of 𝑈𝐷𝐸𝑃 vs. 
𝑉𝑝𝑝
2 , according to the data in Fig. 2A) as a function of 𝑎 on a log-log scale. The linear fitting 
slope of ln(𝑈𝐷𝐸𝑃) vs. ln(𝑎) is 2.970.18. 
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4.3 Determination of 𝐑𝐞[𝒇(𝝎)] and 𝝎𝒄𝒐 
After 𝐸2 is determined experimentally, Re[𝑓(𝜔)] can then be derived by measuring 𝑈𝐷𝐸𝑃 
at 𝑥 = 0 μm  as a function of frequency. An example of 200 nm particles with 𝜎𝑚 =
4.27 mS/m is shown in Fig. 3 and Fig. 4A. 𝑈𝐷𝐸𝑃 was measured at different 𝑉𝑝𝑝 at varied 
frequencies (Fig. 3A). Proportional linear fittings were then taken between 𝑈𝐷𝐸𝑃 and 𝑉𝑝𝑝
2  
to give 𝑈𝐷𝐸𝑃  at various frequencies (Fig. 3B). With the measured 𝐸
2  at 𝑉𝑝𝑝 = 1 V 
(2.28 × 108  V2 m2⁄ ), the known 𝑎 (100 nm) and 𝜀𝑚  (78.5𝜀0) substituted into Eq. (3), 
Re[𝑓(𝜔)]  was calculated as 𝑈𝐷𝐸𝑃(𝜔) (−2𝜋𝑎
3𝜀𝑚𝐸
2)⁄ , shown in Fig. 4A. The same 
procedure was repeated on other samples listed in Table 1, producing Re[𝑓(𝜔)] of all 
samples in Fig. 4A. We also checked the measured Re[𝑓(𝜔)] at 𝑥 = ±6 μm and at 5 μm 
above the glass substrate, which showed the same results as those at 𝑥 = 0 μm within 6% 
error. The crossover frequencies 𝜔𝑐𝑜 were then determined as the 𝜔-axis intercept of the 
line connecting the two data points that are most adjacent to Re[𝑓] = 0. Using 𝜎𝑝 as the 
fitting parameter, we employed the MWO theory to fit the experimental Re[𝑓(𝜔)] by 
forcing Eq. (2) to go through 𝜔𝑐𝑜, of which the fitting curves are called the MWO-based 
curves (Re[𝑓𝐶𝑀(𝜔)]) in Fig. 4A. 𝜔𝑐𝑜, MWO-based fitting parameter 𝜎𝑝, and 𝐾𝑠 (calculated 
from 𝜎𝑝) of all samples are listed in Table 2. 𝜎𝑝 is found to increase with 𝜎𝑚 while decrease 
with 𝑎. Both 𝜎𝑝  and 𝐾𝑠  show similar values as those determined by Green et al.
14 and 
Honegger et al.23. 
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Figure 3. (A) The measured 𝑈𝐷𝐸𝑃 as a function of 𝑉𝑝𝑝
2  at different frequencies for the 200 
nm particles with 𝜎𝑚 = 4.27 mS/m. (B) 𝑈𝐷𝐸𝑃  (i.e. proportional linear fitting slope of 
𝑈𝐷𝐸𝑃 vs. 𝑉𝑝𝑝
2 , according to the data in Fig. 3A) as a function of frequency. 
 
 
 
 
Figure 4. (A) The measured Re[𝑓(𝜔)] of the 63 nm particles with 𝜎𝑚 = 7.90 mS/m 
(circles), the 160 nm particles with 𝜎𝑚 = 4.98 mS/m (squares), the 200 nm particles with 
𝜎𝑚 = 4.27 mS/m  (upward triangles), the 410 nm particles with 𝜎𝑚 = 7.86 mS/m 
(downward triangles), the 200 nm particles with 𝜎𝑚 = 18.2 mS/m (diamonds), and the 
200 nm particles with 𝜎𝑚 = 24.7 mS/m  (stars), respectively. 𝜔𝑐𝑜  of each sample is 
determined as the 𝜔-axis intercept of the line connecting the two data points most adjacent 
to Re[𝑓] = 0. Bold lines denote the MWO-based curves (Re[𝑓𝐶𝑀(𝜔)]), using 𝜎𝑝  as the 
fitting parameter to force Eq. (2) to go through 𝜔𝑐𝑜 . (B) The measured Re[𝑓(𝜔)] 
(transformed from Re[𝑓(𝜔)] by Eq. (6)) of the same samples as Fig. 4A. Bold lines are the 
same Re[𝑓𝐶𝑀(𝜔)] as those in Fig. 4A. 
  
 17 
Table 2. Particle diameters (2𝑎), medium conductivities (𝜎𝑚), Debye lengths (𝜆𝐷), 
crossover frequencies (𝜔𝑐𝑜), particle conductivities (𝜎𝑝) based on MWO theory fittings, 
and particle surface conductances (𝐾𝑠) of all samples listed in Table 1. 
 
2𝑎  
(nm) 
𝜎𝑚  
(mS/m) 
𝜆𝐷  
(nm) 
𝜔𝑐𝑜 2𝜋⁄
a 
(MHz) 
𝜎𝑝
b 
(mS/m) 
𝐾𝑠
c 
(nS) 
63 7.90 13.1 15.7 93 1.5 
160 4.98 16.6 10.8 64 2.6 
200 4.27 17.9 5.4 32 1.6 
410 7.86 13.2 3.7 22 2.2 
200 18.2 8.63 6.0 37 1.8 
200 24.7 7.39 6.9 44 2.2 
a) 𝜔𝑐𝑜 were determined as the 𝜔-axis intercept of the line connecting the two measured 
Re[𝑓] points that are most adjacent to 0, shown in Fig. 4A. 
b) 𝜎𝑝 are the fitting parameters for which the MWO-based curves go through 𝜔𝑐𝑜, shown 
in Fig. 4A. 
c) The particle surface conductance is calculated as 𝐾𝑠 = 𝑎𝜎𝑝 2⁄ . 
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 In order to consider the EDL contribution to the effective volume of a polarizable 
particle, which will be discussed in Section 5, we define the “effective particle radius” as 
𝑎 + 𝜆𝐷 , and replace 𝑎 with the effective particle radius in Eq. (3). This gives the DEP 
potential equation as 𝑈𝐷𝐸𝑃 = −2𝜋(𝑎 + 𝜆𝐷)
3𝜀𝑚Re[𝑓(𝜔)]𝐸
2, where 𝑓(𝜔) is defined as the 
“effective dipole coefficient” and given by: 
 
𝑓 = 𝑓 ∙ 𝑎3 (𝑎 + 𝜆𝐷)
3⁄              (6) 
 
Then, we transformed the measured Re[𝑓(𝜔)] in Fig. 4A into Re[𝑓(𝜔)] in Fig. 4B by Eq. 
(6). The MWO-based curves in Fig. 4B were not transformed but kept the same as those in 
Fig. 4A. 
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5 Discussion 
The MWO theory assumes EDL to be an infinitesimally thin conductive shell on a particle. 
However, EDL has a finite thickness 𝜆𝐷, which could be comparable to 𝑎 when particles 
are small and ionic strength is low. When the electric field pulls ions from the bulk medium 
into EDL and expels ions from EDL into the bulk medium, ion diffusions near particles 
caused by ion concentration gradients can make the dipole coefficients deviate from the 
predictions by the MWO theory at low AC frequencies3. The MWO theory is always valid 
at high frequencies where EDL polarization is insignificant3, as is consistent with all 
measured Re[𝑓(𝜔)] converging to -0.476 (Re[𝑓𝑚𝑖𝑛]) at 𝜔 2𝜋⁄ ≥ 25 MHz (shown in Fig. 
4A), irrespective of particle size and medium conductivity. However, at frequencies lower 
than 25 MHz, discrepancies between the measured Re[𝑓] and MWO theory occur (shown 
in Fig. 4A). At frequencies lower than 𝜔𝑐𝑜 , Re[𝑓] > Re[𝑓𝐶𝑀] > 0, suggesting that the 
MWO theory underestimates the EDL’s contribution to the particle’s polarization. To 
incorporate the EDL polarization in Eq. (1) (or Eq. (3)), we use the effective particle radius 
(𝑎 + 𝜆𝐷) as the substitute for 𝑎 and produce the effective dipole coefficient (Re[𝑓(𝜔)]) 
according to Eq. (6), as shown in Fig. 4B. Results show that, on both sides of 𝜔𝑐𝑜, the 
Re[𝑓(𝜔)] curves fit better with the MWO theory than the Re[𝑓(𝜔)] curves do. At very 
high frequencies, Re[𝑓(𝜔)] do not capture -0.476 (Re[𝑓𝑚𝑖𝑛]) where 𝑎 should be used in 
Eq. (1). At very low frequencies, there are still some discrepancies between Re[𝑓(𝜔)] and 
the MWO theory because the MWO theory doesn’t consider the complex ion transport in 
EDL11,13,19. 
 In Fig. 5, we plot the measured 𝜔𝑐𝑜 of all samples as functions of 𝑎, 𝑎 + 𝜆, and 𝑎𝜆. 
The power law dependence of 𝜔𝑐𝑜 on 𝑎 (-0.80 shown in Fig. 5A) seems closer to 𝜔𝑐𝑜 ∝
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𝑎−1 predicted by the MWO theory12, than to 𝜔𝑐𝑜 ∝ 𝑎
−2 predicted by Schwarz18 and Shilov 
et al.19. The power law dependence of 𝜔𝑐𝑜 on 𝑎𝜆 (-0.61 shown in Fig. 5C) is different from 
𝜔𝑐𝑜 ∝ (𝑎𝜆𝐷)
−1 predicted by Basuray and Chang13. The power law dependence of 𝜔𝑐𝑜 on 
𝑎 + 𝜆 (-0.95 shown in Fig. 5B) is close to 𝜔𝑐𝑜 ∝ (𝑎 + 𝜆𝐷)
−1, which is similar to Zhao and 
Bau’s11 prediction that 𝜔𝑐𝑜 ∝ 𝜆𝐷
−1
 for 𝜆𝐷 ≫ 𝑎 . Moreover, the coefficients of 
determination (r2) of linear fittings in Fig. 5 show that 𝜔𝑐𝑜 ∝ (𝑎 + 𝜆𝐷)
−0.95 and 𝜔𝑐𝑜 ∝
𝑎−0.80  are more reliable than 𝜔𝑐𝑜 ∝ (𝑎𝜆𝐷)
−0.61 . The relationship of 𝜔𝑐𝑜 ∝ (𝑎 + 𝜆𝐷)
−1 
agrees with the good fittings between the MWO theory and the Re[𝑓(𝜔)] curves near 𝜔𝑐𝑜 
by use of 𝑎 + 𝜆𝐷  in Eq. (1) (shown in Fig. 4B). This suggests that, in calculating or 
modeling DEP forces, we can assume a conductive shell surrounding a particle, but the 
effective particle radius should be 𝑎 + 𝜆𝐷. 
 
 
Figure 5. 𝜔𝑐𝑜 as functions of 𝑎, 𝑎 + 𝜆, and 𝑎𝜆, shown in (A), (B), and (C), respectively. 
Sample denotations are the same as those in Fig. 4. The linear fitting slopes of ln(𝜔𝑐𝑜) vs. 
ln(𝑎), ln(𝜔𝑐𝑜) vs. ln(𝑎 + 𝜆), and ln(𝜔𝑐𝑜) vs. ln(𝑎𝜆) are -0.80 (r
2 = 0.89), -0.95 (r2 = 0.88) 
and -0.61 (r2 = 0.62), respectively. 
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6 Concluding Remarks 
This paper presents a new method to measure the DEP potential spectrum of colloidal 
nanoparticles with varied particle sizes and different amounts of salt in aqueous 
suspensions. Using a confocal laser scanning microscope, we measure the equilibrium 
number-density profile of particles in the presence of an AC field, from which we 
determine the DEP potential energy according to the Boltzmann distribution law. We then 
determine the frequency-dependent dipole coefficient (Re[𝑓(𝜔)]) based on the measured 
DEP potentials at varied frequencies. Experimental results show that: 1) the MWO theory 
is valid at high frequencies above which the ions in EDL and medium do not respond to 
the AC electric field, 2) the MWO theory predicts a dipole coefficient smaller than the 
measured Re[𝑓(𝜔)] at frequencies below the crossover frequency; 3) when the effective 
particle radius (particle radius plus Debye length) is used to calculate the dipole coefficient, 
the MWO theory fits well with the measured effective dipole coefficient (Re[𝑓(𝜔)]) near 
and on both sides of the crossover frequency; 4) the measured crossover frequency is 
inversely proportional to the effective particle radius. To our knowledge, this is the first 
time that the single-particle DEP potential energy of colloidal nanoparticles is obtained by 
the use of the Boltzmann distribution law. A similar approach was previously used to 
measure the potential-energy profile of colloidal Rayleigh nanoparticles in an optical 
trap29. Compared with existing methods of DEP force spectroscopy (i.e. optical tweezer 
and microscopic videoing), the main advantage of this approach is almost no restrictions 
on the size and shape of particles. As long as the CLSM signals of 𝑛1 and 𝑛0 can be 
distinguished, the DEP force field can be determined from the time-averaged probability 
distribution of particles, even though Brownian motions can dominate the particle 
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movement. This research opens the possibilities to investigate quantitatively the DEP 
response functions of quantum dots and proteins in an AC electric field. 
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